The effect of daily consumption of a yogurt containing Lactobacillus reuteri CRL 1098 on the lipid profile of hypercholesterolemic subjects was evaluated by performing a prospective, randomized, double-blind, cross-over placebo controlled clinical study. Participants consumed daily a yogurt containing L. reuteri CRL 1098 or a placebo for four weeks, separated by a wash-out period. Total cholesterol, triacylglycerol, high-density (HDL) and low-density (LDL) lipoprotein levels were assessed at the beginning and at the end of each period. We found a statistically significant reduction of total (−7.86 g/dl) and LDL (−7.02 g/dl) cholesterol in absolute changes (before-after) as well as a decreasing trend in the group receiving the yogurt containing L. reuteri with respect to the placebo group, without detecting changes in HDL-cholesterol and triacylglycerol levels. Our results suggest that low amounts of yogurt (125 g/day) and low doses of the CRL 1098 strain (10 6 CFU) are sufficient to reduce total and LDL-cholesterol levels in hypercholesterolemic subjects.
Introduction
High serum cholesterol levels are a risk factor for atherosclerosis and cardiovascular disease. In Western countries, cardiovascular disease is one of the leading causes of death, and is extending to Eastern countries to become the main mortality cause worldwide. In Argentina, 46% of deaths are due to cardiovascular disease, and approximately 30% -40% of the population suffers some kind of hypercholesterolemia [1] - [4] .
In the last years, different nutraceutical and functional foods with hypocholesterolemic properties have been developed. In these cases, the effect would be related to the presence of several alternatives such as soy proteins, omega 3, plant sterols, polyphenols in green tea, wine and olive oil, and probiotic microorganisms as selected strains of lactic acid bacteria (LAB) [5] [6] .
The use of probiotic LAB strains capable of regulating hyperlipidemia in individuals with hypercholesterolemia is a natural alternative to help maintain healthy lipid levels without undesirable side effects. Research studies show that reduced cholesterol levels due to the use of certain LAB strains could be related to bile salt hydrolase (BSH) activity, present only in microorganisms. BSH + LAB strains are able to survive and colonize the small intestine, where the enterohepatic circulation takes place. Once in the intestine, these strains would act on the conjugated bile salts excreted during intake, releasing bile salts or free bile acids which cannot be reabsorbed from the gut and are excreted via the faeces. Under these circumstances, the concentration of bile acids, which should remain constant in the intestine, decreases. To maintain biliary homeostasis, the liver should synthesize more bile acids de novo from endogenous cholesterol. The altered metabolism of bile salts by increased BSH activity would also affect cholesterol metabolism, directly influencing its solubility and subsequent absorption at intestinal level [6] - [8] .
Different bifidobacteria and lactobacilli strains (Bifidobacterium lactis, B. longun, Lactobacillus plantarum, L. acidophilus, L. reuteri, L. fermentun) would be potentially effective for cholesterol reduction as evidenced through in vitro assays [7] . However, animal and human trials designed to demonstrate serum cholesterol reduction by LAB administration have reported controversial results [7] - [9] . In humans, some trials about the effect of LAB administration have shown decreased serum cholesterol levels [10] - [12] , whereas other studies have found no effect [13] - [15] .
The assessment of the effect of Lactobacillus (L.) reuteri CRL 1098 on lipid profile has had promising results. Taranto et al. [16] administered a fat-rich diet to mice for 7 days and then the animals were treated with a solution containing L. reuteri CRL 1098 (10 4 cells/day). In the intervention group, total cholesterol and triacylglycerol levels decreased by 38 and 40%, respectively, whereas the HDL/LDL-cholesterol ratio increased by 20%, without producing side effects.
Another report in mice [17] showed that L. reuteri CRL 1098 administration was effective in preventing hypercholesterolemia and further confirmed its permanence in the gut. However, there are no studies reporting the probiotic effect on hypercholesterolemic subjects thus far.
This study was undertaken to evaluate the effect of the daily consumption of L. reuteri CRL 1098-containing yogurt during four weeks on total, HDL-, LDL-cholesterol and triacylglycerol levels in hypercholesterolemic subjects.
Material and Methods

Study Sample and Sample Size Estimation Electing a Template
Participants were recruited through announcements placed in public institutions from the city of La Plata, Buenos Aires, Argentina. Eligible participants were healthy men and women over the age of 18 years, with hypercholesterolemia (total cholesterol > 200 mg/dl) confirmed with laboratory test at the beginning of the study, and not taking any hypocholesterolemic drug.
Inclusion and exclusion criteria of the study sample are summarized in Table 1 . Sample size was estimated to have 90% power and 95% confidence interval to detect differences of 20 mg/dl in cholesterol levels between the intervention and the placebo group at the end of the 4-week study period. Thus, the required sample size was 60 participants in each group (20% loss adjustment; 30 mg/dl standard deviation).
Study Design
We performed a prospective, randomized, double-blind, cross-over placebo controlled clinical study. Random allocation of study participants to the intervention or placebo group was performed with EPIDAT 3.1 (1:1 allocation ratio).
The study was organized in four visits formed by three consecutive stages that lasted four weeks each. Initially, participants were assigned to consume one yogurt daily (125 g) with (intervention group) and without (placebo group) L. reuteri CRL 1098 during four weeks.
The lipid profile was determined on the first visit; participants were given information and advice on healthy diet and were asked to maintain their habitual lifestyle and to eat the yogurt any time of the day. On the second visit, the lipid profile was determined again and participants began the wash-out period during which no product was consumed. On the third visit, the lipid profile test was repeated and participants of both groups (placebo and intervention) were crossed over for four weeks, i.e., those who had consumed the 125-g placebo yogurt started to eat the intervention yogurt (with L. reuteri CRL 1098), and participants who had received the probiotic-containing yogurt now received the placebo yogurt.
At the end of this stage, on the fourth visit, participants performed the final laboratory test. On visits 1 and 4, anthropometric parameters (weight, height, waist and abdominal circumference), dietary changes, physical activity practice as well as tobacco and alcohol consumption were recorded together with any side effect.
Characteristics of the Intervention Yogurt
The strain used in this study (L. reuteri CRL 1098) was obtained from the CERELA culture collection (San Miguel de Tucumán, Argentina). The microorganism was cultured in MRS agar at 37˚C for 16 h. Cells were collected by centrifugation at 6000/g during 10 min, washed three times with sterile saline solution, suspended in 10% sterile skimmed milk powder and the biomass produced was finally freeze-dried at Biochemical S.A. (Libertad, Buenos Aires, Argentina). One gram of lyophilized product contained 10 10 CFU; the inoculum was used industrially to produce the intervention yogurt, which contained the same amount of product plus 10 6 CFU of L. reuteri CRL 1098 per gram of yogurt.
Control, Follow-Up and Yogurt Preservation
Both yogurts were produced and prepared by SanCor C.U.L. (Córdoba, Argentina) and filled into 125 g plastic pots.
Addition of the probiotic strain CRL 1098 did not modify the fermentation curve, flavor, texture and consistency of the yogurt, which preserved the same organoleptic properties as the placebo yogurt.
Postacidification was not observed in either the control or the intervention yogurt. L. reuteri CRL 1098 colony counts during the life span of the product were above the minimum amount established to perform clinical trials (>10E+06 CFU).
Data Collection
Weight, height and waist circumference were taken on visits 1 and 4. Body weight was measured barefoot and in light clothing with a Tanita scale (0.1 g precision, Tanita Corporation of America, Inc. Illinois, USA). Height was measured with a SECA stadiometer (0.5 cm precision, SECA, UK) and waist circumference with an inextensible measuring tape (1 mm precision).
Blood pressure was taken on visits 1 and 4 with an OMROM digital blood pressure monitor. Physical activity was assessed during visit 1 using the IPAQ questionnaire [18] . The level of physical activity was categorised according to the IPAQ's scoring protocol in multiples of the resting metabolic rate (METS) as low, moderate and intense. Dietary habits were determined with the 14-item Mediterranean Diet Assessment Tool [19] . Tobacco use was measured with the STEPwise approach to chronic disease risk factor surveillance recommended by the World Health Organization [20] .
Serum cholesterol (total, LDL and HDL) and triacylglycerol levels were determined by enzymatic reactive kits during each of the four visits (Sigma Chemical Co., St. Louis, MO).
Data Analysis
Data were analysed using SPSS version 19 for Windows. Continuous variables are presented as means ± standard deviation or medians (interquartile range), and qualitative variables are presented as percentages. All variables were examined for normality using the Kolmogórov-Smirnov test. Excepting triacylglycerol, all variables were normal. Data comparison at the beginning of the study was made with Student's t-test for quantitative variables and Chi-square test for categorical variables. Comparison of initial mean cholesterol levels between groups was performed with Student's t-test and Mann-Whitney Wilcoxon test for normal and non-normal (triacylglycerol) variables, respectively. Before-after differences in cholesterol levels within groups were studied with paired Student's t-test for normal distribution variables and Wilcoxon signed rank test for non-normal distribution variables.
Differences in cholesterol levels between groups were compared with two-factor repeated measures analysis of variance (ANOVA) for normal variables and Friedman Test for triaglylglycerol. In all cases, P values < 0.05 were considered statistically significant.
Ethical Considerations
Current legal provisions implemented by the Joint Health Research Committee, Ministry of Health of the Province of Buenos Aires, Argentina, were considered. The study protocol was reviewed and approved by said Committee and by the corresponding Institutional Ethics Committee. Participants signed informed consent forms, received oral and written information about the study prior to participation, and could voluntarily abandon the project at any moment. The study was conducted in accordance with the Helsinki Declaration and the current Good Clinical Practice principles.
Results
A total of 105 healthy adult subjects voluntarily agreed to participate in the study. After excluding those who did not meet the inclusion criteria (n = 35), 70 subjects were randomly assigned to the study groups. The general characteristics of the placebo and intervention groups at the beginning of the study are presented in Table 2 . Age, BMI and blood pressure values were similar in both groups. Half of the patients had a sedentary lifestyle, as determined by IPAQ, and about a quarter of them were smokers. Only waist circumference values were higher in the intervention group (P = 0.043). Table 3 shows that total and LDL-cholesterol levels decreased significantly (P = 0.017 and P = 0.019, respectively) in participants that consumed the yogurt containing L. reuteri CRL 1098, whereas HDL-cholesterol and triaclyglycerol levels did not change significantly. On the other hand, no changes could be observed in the placebo group in any of the lipid profile parameters studied.
Although changes in the lipid profile of participants before and after consuming the placebo and the intervention yogurts were not statistically significant, a trend towards lower total cholesterol (P = 0.076) and LDL-cholesterol (P = 0.08) levels was found in the intervention group (Table 4) .
LDL-cholesterol decreased (3.96%) in the intervention as compared with the control group, in which case an increase could be detected (3.24%), showing a significant trend (P = 0.059).
Adherence to the Mediterranean diet was similar in both groups; 33.3% and 29.6% of participants in the Table 3 . Changes in total, HDL-, LDL-cholesterol and triacylglycerol levels in the placebo and intervention groups. placebo and intervention groups had scores ≥ 7 (P = 0.764). During follow-up, no significant changes could be assessed in either group. Smoking and the frequency and intensity of the practice of physical activity remained the same throughout the study period.
Discussion
In this work, we demonstrate the effect of L. reuteri CRL 1098 on hypercholesterolemic subjects through clinical trials. Our results show a trend towards lower total and LDL cholesterol levels with the yogurt containing L. reuteri CRL 1098. Absolute changes (before-after) with the yogurt containing the probiotic were significant. The decrease in total and LDL-cholesterol was statistically significant (−7.86 and −7.02 g/dl, respectively), whereas HDL-cholesterol and triacylglycerol levels did not change. In the placebo group, the lipid profile did not change significantly. Several clinical trials tended to demonstrate the effect of probiotic formulations on the lipid profile, obtaining different and controversial results. Most works included microbial BSH+ strains [7] [8] [15] . Administration of 200-ml fermented milk with one strain of Enterococcus faecium and two strains of Streptococcus thermophilus to middle-aged Danish men during 6 weeks reduced LDL-cholesterol by 10% compared with a placebo yogurt [21] . Two other reports on the administration of milk fermented with the same strains but for a longer period (8 weeks) also showed favourable changes in LDL-cholesterol (adjusted by body weight) [22] and total cholesterol [23] levels compared with the consumption of a placebo. However, when the same strains (E. faecium and S. thermophilus) were tested in an English population, lower serum cholesterol levels could not be detected [24] , probably due to different dietary habits and intestinal microbiota in the study samples. The effect of a milk product fermented with fructooligosaccharides (FOS) and L. acidophilus LA1 on the lipid profile was also tested [25] . Although the authors reported the reduction of total (4.4%; P < 0.001) and LDL-cholesterol (5.4%; P < 0.005), new tests would be necessary to verify whether the lactobacillus or FOS caused such reduction [25] . In another study using the same strain but without FOS, no changes in the lipid profile of participants with normal to borderline high serum cholesterol levels were observed [13] . On the other hand, Anderson & Gilliland [12] found that administration of milk fermented with L. acidophilus LA1 caused a 3% reduction in cholesterol levels.
Administration of tablets with L. acidophilus ATCC 4962 and L. bulgaricus ATCC 33409 did not modify serum lipoprotein levels compared with the placebo [26] .
Milk fermented with Bifidobacterium longum BL1 decreased total cholesterol only in volunteering subjects with initial cholesterol values >240 µg/dl, showing the potential efficacy of this strain for the treatment of blood lipids [11] . Another report showed that the association of L. acidophilus and B. lactis strains reduced cholesterol levels in hypercholesterolemic subjects compared with a standard placebo yogurt [10] . However, no differences in the lipid profile of women were observed after administration of a yogurt with the same strains included in a conventional yogurt [27] .
Jones et al. demonstrated that microencapsulated L. reuteri NCIMB 30242 given in yogurt for six weeks [28] and given as capsules for nine weeks [29] significantly lowered total and LDL-cholesterol levels.
In agreement with the results reported herein, a recent meta-analysis [30] including randomised controlled trials that evaluated the effects of probiotic consumption on blood lipids in 485 participants concluded that probiotics were useful to lower total and LDL-cholesterol levels, but could not modify HDL-cholesterol and triacylglycerol levels.
Our results are positive, since changes in total and LDL-cholesterol could be observed with low amounts of the yogurt (one pot with 125 g/day) and low concentrations of the strain L. reuteri CRL 1098 (10 6 CFU). The effective dose of L. reuteri CRL 1098 is the lowest reported in the literature for LAB probiotics able to decrease serum lipid without undesirable side effects. Most published works show similar results using higher volumes of the product, in some cases several daily doses, and/or consumption of larger amounts of the probiotic microorganism. Further, L. reuteri CRL1098 can be used as adjunct culture for developing fresh functional foods without requiring strategies to ensure their viability, such as microencapsulation, because this strain is highly resistant to gastrointestinal conditions and adverse technological processes.
Conclusion
The results obtained in the present study demonstrate that consumption of a 125-g yogurt containing 10
6 CFU L. reuteri CRL 1098 reduced total cholesterol levels by 7.8% and LDL-cholesterol levels by 7%, suggesting the clinical importance of such intake. These results are promising, since a review on the primary prevention of myocardial infarction showed that 1% cholesterol reduction could in turn produce a 6% to 10% reduction in the risk for heart disease [31] .
